Bouwmeester JC, Belenkie I, Shrive NG, Tyberg JV. Partitioning pulmonary vascular resistance using the reservoir-wave model. J Appl Physiol 115: 1838 -1845, 2013. First published October 31, 2013 doi:10.1152/japplphysiol.00750.2013.-The conventional determination of pulmonary vascular resistance does not indicate which vascular segments contribute to the total resistance of the pulmonary circulation. Using measurements of pressure and flow, the reservoirwave model can be used to partition total pulmonary vascular resistance into arterial, microcirculation, and venous components. Changes to these resistance components are investigated during hypoxia and inhaled nitric oxide, volume loading, and positive end-expiratory pressure. The reservoir-wave model defines the pressure of a volumerelated reservoir and the asymptotic pressure. The mean values of arterial and venous reservoir pressures and arterial and venous asymptotic pressures define a series of resistances between the main pulmonary artery and the pulmonary veins: the resistance of large and small arteries, the microcirculation, and veins. In 11 anaesthetized, openchest dogs, pressure and flow were measured in the main pulmonary artery and a single pulmonary vein. Volume loading reduced each vascular resistance component, whereas positive end-expiratory pressure only increased microcirculation resistance. Hypoxia increased the resistance of small arteries and veins, whereas nitric oxide only decreased small-artery resistance significantly. The reservoir-wave model provides a novel method to deconstruct total pulmonary vascular resistance. The results are consistent with the expected physiological responses of the pulmonary circulation and provide additional information regarding which segments of the pulmonary circulation react to hypoxia and nitric oxide. hypoxia; nitric oxide; blood volume; positive end-expiratory pressure; windkessel PULMONARY VASCULAR RESISTANCE (PVR) is a concept that relates the pressure needed to drive blood across the lungs to the blood flow through the pulmonary circulation. Although PVR gives a measure of the resistance to blood flow through the lungs, PVR does not account for pulsatile phenomena, account for the fact that pulmonary artery (PA) pressure is greater than left atrial pressure when flow is zero (6, 26), or provide insight into the contribution of each component of the pulmonary vasculature toward total resistance.
PULMONARY VASCULAR RESISTANCE (PVR) is a concept that relates the pressure needed to drive blood across the lungs to the blood flow through the pulmonary circulation. Although PVR gives a measure of the resistance to blood flow through the lungs, PVR does not account for pulsatile phenomena, account for the fact that pulmonary artery (PA) pressure is greater than left atrial pressure when flow is zero (6, 26) , or provide insight into the contribution of each component of the pulmonary vasculature toward total resistance.
Many methods and models have been used to quantify the distribution of PVR. These methods usually rely on Poiseuille's equation to describe resistance as the ratio between mean pressure difference across the pulmonary circulation and mean flow, which is typically reported from clinical measurements in Wood units (i.e., mmHg · min/l). Micropuncture techniques have been used to directly measure the longitudinal pressure distribution in pulmonary vessels (4, 10, 25) and therefore define the resistance of each segment of the pulmonary circulation. Noninvasive methods, including the lowviscosity bolus technique (5, 12) and arterial and venous occlusion (13, 14, 27) , have also been used to partition PVR. Notably, the PA occlusion technique has been used to locate the site of resistance in patients with pulmonary hypertension (PH) (8, 18) .
The reservoir-wave model (31) has been used to describe systemic vascular resistance (30) , and, in this study, we adapted it to measurements of pressure and flow in the PA and pulmonary vein (PV) to describe PVR. Applied to the pulmonary circulation, the reservoir model is based on a two-element windkessel (28) , modified to take into account elevated, zeroflow PA and PV pressures. Applying the reservoir model simultaneously to the main PA and a PV, we were able to deconstruct PVR into its arterial, microcirculatory, and venous resistance components. Figure 1 shows the analogous electrical circuit diagram of the pulmonary circulation in terms of the lumped parameters defined by the arterial and venous reservoirs. To show the decomposition of total PVR, the arterial reservoir is separated from the main PA by the proximal resistance (resistance of large arteries), which taken together form a three-element windkessel (34) . This arrangement is inverted for the venous reservoir and distal resistance (resistance of large veins). The arterial and venous reservoirs are separated by the resistance of the microcirculation. In this arrangement, microcirculatory compliance is not considered because the asymptotic pressures are modeled to be constant. In this study, we focused on the changes to each component of PVR with acute hypoxic ventilation and then inhaled nitric oxide. The effects of volume loading and positive end-expiratory pressure (PEEP) were also studied.
MATERIALS AND METHODS
Animal preparation. The institutional animal care committee, whose criteria conformed to the "Guiding Principles for Research Involving Animals and Human Beings" of the American Physiological Society, approved all experimental protocols. Anesthesia was induced in 11 mongrel dogs (7 male; 18 -28 kg; mean 22 kg) with an initial intravenous injection of 25 mg/kg sodium thiopental. Following intubation, anesthesia was maintained with an infusion of fentanyl (20 -30 g/kg per hour) and midazolam (0.01-0.015 g/kg per hour). The dogs were ventilated using a constant-volume respirator (model 607; Harvard Apparatus, Natick, MA) with a 50% O 2-50% nitrous oxide gas mixture during instrumentation and with 100% O 2 during experimentation. The respiratory rate (16 -18 breaths/min) and tidal volume (15 ml/kg) were adjusted to maintain physiological arterial blood gas levels (Pa CO 2 ϭ 35-45 mmHg) and pH (7.2-7.4) (22) . Body temperature was kept at 37°C by using a circulating warm-water blanket and heat lamp when necessary; a bladder catheter was inserted into the urethra to drain urine by gravity.
With the animal supine, a midline sternotomy was performed, and an incision was made in the pericardium for instrumentation. Pressure was measured with high-fidelity catheter-tip transducers (Millar Instruments, Houston, TX; or Scisense, London, Ontario, Canada) referenced via their fluid-filled lumens to external transducers (Statham-Gould, Oxnard, CA), with zero defined as the midlevel plane of the heart. Pressure was measured in the right ventricle, left ventricle, and left atrium with 7-F catheters (Scisense) and in the main PA (P PA) and a single left-sided PV (PPV) with 3.5-F catheters (Millar) without lumens. The PA catheter was inserted through the anterior wall of the right ventricle, advanced ϳ1 cm beyond the pulmonary valve, and kept in place with a purse-string suture at the insertion site. The PV catheter was introduced through a small, right-sided PV and advanced ϳ1 cm into a left-sided PV, using a stiff introducer. Flow probes (A-and S-Series models and flowmeter model T206; Transonic Systems, Ithaca, NY) were placed on the main PA (immediately downstream of the tip of the PA catheter) and the PV (immediately upstream of the tip of the PV catheter). An ECG was also recorded. After instrumentation was complete, the pericardium was reapproximated with interrupted loose sutures.
During experimentation, the dogs were ventilated with 100% O 2 using a different ventilator (Servo Ventilator 900C; Siemens-Elema, Solna, Sweden) that allowed quick adjustment of the minute ventilation, respiratory rate, and PEEP. The chest remained open to allow access to the measuring devices that sometimes required adjustment.
Each electronic signal was sampled at 400 Hz with data-acquisition software (Sonometric, London, Ontario, Canada), and standard cardiovascular analysis was performed using CV Works (AccuDAQ, Calgary, Alberta, Canada).
Experimental protocol. Between each of the 18 (3 volume load, 2 PEEP, and 3 ventilation) interventions, the animal was given sufficient time to stabilize; recordings were taken under steady-state conditions with the ventilator turned off at end-expiration. After 20 to 30 s of recording, a bolus injection of acetylcholine (ACh; 0.01 to 0.02 mg/kg) in saline solution was given directly into the left ventricle. This produced a diastolic pause that was used to determine the parameters of the reservoir model more robustly. Examples of the diastolic pause are shown in Fig. 2 , for each volume level during 100% O 2 ventilation and 0 cmH2O PEEP.
Volume loading was assessed by mean P PV and was sequentially increased with an infusion of 10% pentastarch solution (Pentaspan; Bristol-Myers Squibb Canada, Montreal, Quebec, Canada) to achieve low (ϳ5 mmHg), medium (ϳ9 mmHg), and high (ϳ14 mmHg) filling pressures. At each volume load, three ventilation strategies were used: 1) 100% O 2, 2) hypoxia, and 3) hypoxia plus nitric oxide. Ventilation with 100% O 2 was used as a baseline, and hypoxia was effected by adding N2 to the inspired gas mixture until PaO 2 became Ͻ50 mmHg. While hypoxic ventilation was sustained, nitric oxide was added (80 ppm) to the inspired gas mixture (INOvent delivery system; DatexOhmeda, Helsinki, Finland). At each ventilation state, recordings were taken at 0 and 10 cmH 2O PEEP, the order of which was random.
At the conclusion of the experiments, while deeply anaesthetized, the dogs were euthanized with an intracardiac injection of KCl.
Data analysis. The aortic reservoir model proposed by Wang et al. (31) was adapted for use in the main PA. The reservoir is based on a two-element windkessel, modified to include an elevated, downstream, arterial zero-flow pressure defined as PA asymptotic pressure (P ϱ-PA). The PA reservoir pressure (Pres-PA) was modeled to be proportional to the change in arterial reservoir volume [i.e., the difference between measured PA reservoir inflow (Qin-PA) and modeled outflow (Qout-PA)], divided by the lumped compliance of the reservoir (CPA) as follows:
For the arterial reservoir, inflow provided to this reservoir is easily measured and equivalent to main PA flow (QPA ϵ Qin-PA), whereas arterial outflow provided to the pulmonary capillaries is much more difficult to measure and therefore modeled by Equation 1, where RPA represents the lumped resistance to flow through the reservoir. Equation 2 represents the analytical solution to Equation 1, where P 0-PA and t0-PA represent the pulmonary artery pressure and time at the onset of ejection and RPA, CPA, and Pϱ-PA are the arterial reservoir parameters.
The systemic venous reservoir model proposed by Wang et al. (30) was adapted for use in the pulmonary veins. Compared with the arterial reservoir, the venous reservoir is modeled differently in that venous outflow is measured and reservoir inflow is modeled. The PV reservoir pressure (P res-PV) was modeled to be proportional to the change in venous reservoir volume [i.e., the difference between modeled PV reservoir inflow (Qin-PV) and measured outflow (Qout-PV)], divided by the lumped compliance of the reservoir (CPV) as follows:
Because PV flow (QPV) was measured in a single PV, it constituted only a fraction of total venous outflow (Q out-PV), and, therefore, to determine the reservoir parameters for the entire PV circulation, it was necessary to scale Q PV appropriately to represent flow through all PVs (Qout-PV ϭ scaling factor * QPV). QPV was scaled by making mean Qout-PV equal to mean QPA, averaged over the cardiac cycle.
For the venous reservoir, outflow from this reservoir is easily measured and equivalent to Q out-PV, whereas inflow to the venous reservoir represents the flow provided to the veins from the pulmonary capillaries, which is much more difficult to measure and therefore modeled by Equation 3 . Pulmonary venous asymptotic pressure (Pϱ-PV) is the elevated, upstream venous zero-flow pressure, and RPV represents the lumped resistance to flow through the reservoir. Equation 4 represents the solution to Equation 3, where P 0-PV and t0-PV represent the pulmonary venous pressure and time before atrial contraction, and R PV, CPV, and Pϱ-PV are the arterial reservoir parameters.
To solve for either the arterial reservoir pressure with Equation 2 or the venous reservoir pressure with Equation 4, the PA and PV reservoir parameters were assumed to be constant over the range of pressures measured during each intervention. The key to calculating either P res-PA or Pres-PV throughout the cardiac cycle is to determine the respective reservoir parameters. To find these parameters, the procedure was the same; initial estimates (R ϭ 167 mmHg · min/l, C ϭ 0.0004 l/mmHg, and P ϱ ϭ end-diastolic PA or PV pressure) of reservoir parameters were made, and the reservoir pressure was calculated throughout a complete cardiac cycle. The initial estimates are arbitrary, and appropriate values for reservoir parameters were determined using an algorithm developed in Matlab (Mathworks, Natick, MA) employing the function "fminsearch" (Nelder-Mead simplex algorithm) to vary these parameters iteratively to minimize the mean-squared error between either P res-PA and PPA or Pres-PV and PPV during the respective fitting periods. This method is robust and relatively insensitive to the initial reservoir parameter estimates. The result of this procedure applied to the PA is shown in Fig. 3 , where it was assumed that the exponential decline of P PA during mid-late (ϳlast 2/3) diastole represented a decreasing reservoir pressure and therefore was used to calculate P res-PA. The result of this procedure applied to the PV is also shown in Fig. 3 , where it was assumed that the exponential rise in PPV during diastasis represented an increasing reservoir pressure and therefore was used to calculate Pres-PV. Once the arterial or venous reservoir parameters were determined during their respective fitting periods, the same parameters were used to calculate both P res-PA and Pres-PV throughout the entire cardiac cycle.
With increases of heart rate (commonly seen with hypoxic ventilation and volume loading), the exponential decay of diastole became shortened. In the PA, when there was no period of gradual diastolic decay, P ϱ-PA was estimated and fixed, whereas RPA and CPA were allowed to vary independently. In the PV, a period of diastasis was often not observed with fast heart rates, and it was necessary to use the gradual diastolic ascent during the induced long diastole to determine the venous reservoir parameters. In some cases, when no gradual ascent was observed, then P ϱ-PV was estimated and fixed, whereas RPV and CPV were allowed to vary independently.
PVR was calculated according to convention [i.e., (mean PPA Ϫ mean PPV)/mean QPA] and reported in Wood units (i.e., mmHg · min/ l). Each resistance component was calculated by dividing each derived pressure difference by mean Q PA. Pulmonary vascular conductance (PVG) is the inverse of PVR (i.e., PVG ϭ 1/PVR).
Statistical analysis. All data were analyzed with SigmaPlot software (Systat Software, San Jose, CA). Three-way ANOVA was used to analyze the effects of volume load, PEEP, and ventilation (Tables 1 and 2 ). Due to incomplete data sets, the results in these tables are presented as least-squared mean values (estimated using a general linear model) Ϯ SE. For all statistical tests, the significance level was set at 0.05. Pairwise multiple comparisons were made with the Bonferroni method. For the microcirculatory resistance changes with PEEP specifically, a nonparametric test (Wilcoxon Signed Rank test) was performed, and median values were used to describe these data. Otherwise, data are presented as means Ϯ SE.
RESULTS
Representative examples of PA and PV pressure and flow measurements in a single animal, during volume loading (at 100% O 2 ventilation and 0 cmH 2 O PEEP) are illustrated in Fig.  2 . After a series of regular heart beats, an injection of ACh extended diastole. During the prolonged diastole, P PA re-
mained above P PV , even though Q PA and Q PV were essentially zero.
An example of measured P PA and P PV waveforms during a regular beat corresponding to the condition shown in Fig. 2A (i.e., at the beginning of the experimental recording, before the injection of ACh) and the results of deriving the PA and PV reservoir pressure are shown in Fig. 3 .
The mean values of pulsatile pressures (P PA , P res-PA , and P PV ) and constant PA and PV zero-flow pressures (P ϱ-PA and P ϱ-PV , respectively) define a series of intermediate resistances, which, added together, comprise PVR as shown in Fig. 4 . The difference between mean P res-PV and mean P PV is not shown because the difference is miniscule. The relative contributions of each resistance component in this example are also shown compared with the micropuncture measurements of pulmonary pressure adapted from Negrini et al. (25) . The relative contributions of each resistance component at low blood volume are shown, based on average control data recorded at 100% O 2 ventilation and 0 cmH 2 O PEEP. For comparison, the modelderived resistance components are labeled according to the pulmonary vessels that each resistance component represents. Therefore, in terms of the reservoir-wave model, total PVR is nominally comprised of the resistances of large arteries, small arteries, microcirculation, and PVs.
In Fig. 5A , the mean values of PVR and each serial vascular resistance component are shown for each intervention. In Fig.  5B , the least-squared mean values as a function of the main effects of volume loading, PEEP, and ventilation are shown (see Table 2 ). These data demonstrate that each resistance component decreases with volume loading (consistent with the substantial increases in PVG), microcirculatory resistance increases between PEEP levels, and total PVR and small-artery resistance increase with hypoxia and decrease with nitric oxide. Tables 1 and 2 show the results of three-way ANOVA applied to hemodynamic parameters and vascular resistance components, respectively ( Table 2 shows the statistical analysis of Fig. 5B ). Bold numbers indicate significant differences (P Ͻ 0.05) among the different levels of each main effect (i.e., volume loading, PEEP, and ventilation). There are three volume loads (low, medium, and high) and three ventilation conditions (100% O 2 , hypoxia, and nitric oxide); therefore, markers are used to indicate significant differences (P Ͻ 0.05) between each pairwise comparison. There are only two levels of PEEP; therefore, no markers are necessary, and bold numbers indicate a significant difference. Of note in Table 1 , the results indicate that ventilation has significant effects on the heart rate. However, multiple comparisons show no significant differences between either 100% O 2 , hypoxia, or nitric oxide.
In most cases, the data did not pass the Normality Test (Shapiro-Wilk) (P Ͻ 0.05), which is probably related to the small number of experiments conducted and incomplete data sets resulting from experiments terminated prematurely. With the exception of the microcirculatory resistance component, all the data passed the Equal Variance Test (P Ͼ 0.05). Because the microcirculatory resistance data were shown to have unequal variances and were not normally distributed, an additional nonparametric test (Wilcoxon Signed Rank test) was used on paired comparisons of microcirculatory resistance at PEEP 0 and 10 cmH 2 O (which includes every volume load and ventilation). The results of this test showed that there is a significant difference (P Ͻ 0.001) between the median values of microcirculatory resistance at 0 (1.2 mmHg · min/l) and 10 cmH 2 O (1.6 mmHg · min/l) PEEP.
DISCUSSION
In this study, the reservoir-wave model (30, 31) was used to deconstruct PVR into the resistances of large arteries, small arteries, microcirculation, and veins. The data indicate that hypoxia increased both small arterial and venous resistance components, whereas inhaled nitric oxide during hypoxia completely reversed the small arterial resistance (to equal that during ventilation with 100% O 2 ). All resistance components decreased to some degree with volume loading, and the data also suggest that there was a small increase in microcirculatory resistance with the application of PEEP. Modeling zero-flow pressure with P ϱ . An important feature of the reservoir-wave model is that the observations of zeroflow PA and PV pressures (6, 26) are represented by P ϱ-PA and P ϱ-PV . Figure 2 shows representative examples of this phenomenon during a prolonged diastole when Q PA ϭ Q out-PV ϭ 0 and P PA Ͼ P PV . This observation suggests that the pulmonary circulation was operating in West Zone I or II conditions (33) , even though the animal was supine. The conventional calculation of PVR ignores these zero-flow pressures, which can lead to incorrect interpretation of resistance (11, 21, 23) . Therefore, we concur with others (11, 21, 23 ) that the true PVR should not be based on the pressure difference between mean P PA and mean P PV (or mean left atrial pressure) but instead between mean P PA and the pressure at which flow becomes zero (i.e., P ϱ-PA ).
When there is flow through the pulmonary circulation, the resistance of the microcirculation is calculated from the P ϱ-PA to P ϱ-PV pressure difference, according to the reservoir-wave model. However, when flow stops (e.g., during the extended diastole in Fig. 2 ), microcirculatory resistance is indeterminate, and P ϱ-PA and P ϱ-PV levels are achieved. Under such conditions, the microcirculation is perhaps best described as a Starling resistor (19, 26) .
Comparison of resistance components to measurements. Figure 4 compares each model-defined resistance component (i.e., large arteries, small arteries, microcirculation, and veins) to selected pressure measurements through the entire pulmonary circulation (25) . The large-artery component is compared with arteries Ͼ250 m, the small-artery component to arterial vessels and arterioles between 250 and 40 m, the microcirculation component to a range of vessels from 40-m arterioles to 30-m venules, and the venous component to venules Ͼ30 m and to veins. The study of Negrini et al. (25) was chosen for comparison because it reported many intermediate pressure levels (not all are shown in Fig. 4 ) and was performed on intact, in situ lungs with a preserved pleural membrane. Although the study of Negrini et al. was done in rabbits, reported mean P PA (22.3 Ϯ 1.5 mmHg) and mean left atrial pressure (1.6 Ϯ 1.5 mmHg) were similar to our experimental data.
Effects of hypoxia and inhaled nitric oxide. Hypoxia-induced vasoconstriction and nitric oxide-induced vasodilation were used to illustrate the changes of each component of total PVR. Figure 5 highlights these changes; Fig. 5A illustrates the changes during each intervention, whereas Fig. 5B presents a condensed form of these data.
As shown in Table 1 , hypoxia increased mean P PA to Ͼ25 mmHg, which is sufficient to be characterized as acute PH (2), a level frequently observed in PH related to lung diseases and/or hypoxia (29, 32). Short-term inhalation of nitric oxide may be used to assess or treat PH, and, although the mean P PA in the present study did not decrease further with nitric oxide compared with hypoxia, PVR decreased significantly. Figure 5 demonstrates the behavior of each resistance component and shows how these changes are reflected in PVR. There is a consistent pattern of total PVR increasing with hypoxia and decreasing with nitric oxide. This same pattern is observed with the resistance of small arteries. Although it is difficult to appreciate from the scale used, there are also small increases in venous resistance with hypoxia. The data shown in Fig. 5B and Table 2 show that nitric oxide fully reverses the hypoxic vasoconstriction of small PAs and that these vessels are responsible for the majority of resistance changes, whereas PVs (associated with venous resistance) contributed relatively less to these changes. Overall, these responses to hypoxia and nitric oxide are consistent with expectations that there may be relatively more vasoconstriction in PVs (10), but, in absolute terms, it appears that the most important responses to hypoxia and nitric oxide occur in small arteries. Effects of volume loading and PEEP. As the data in Fig. 5B  and Table 2 demonstrate, volume loading raised left ventricular end-diastolic pressure, which increased cardiac output via the Frank-Starling mechanism, leading potentially to recruitment and distension of the pulmonary vasculature (20) , thereby decreasing PVR and increasing PVG (1, 22) . With volume loading, all patent pulmonary vessels presumably become distended to some degree, and, with recruitment, the site of decreased resistance has been attributed to pulmonary capillaries (3, 15) and possibly the junction of capillaries and venules (9) . Although our analysis cannot distinguish between recruitment vs. distension, the data show that all the resistance components decreased with volume loading. It would be expected that parts of the vasculature operating in West Zone III would have decreased resistance through vascular distension, whereas vasculature operating in West Zones I or II would have decreased resistance through vascular recruitment. One may speculate that the relatively large drop in microcirculation resistance may reflect the effects of capillary recruitment, whereas the decreases of small artery and venous resistance may reflect additional effects of vascular distension.
Changes in both P ϱ-PA and P ϱ-PV are assumed to reflect changes in microvascular constraint due to increased alveolar air pressure that presumably occurs with PEEP. Therefore, the ϳ40% increase in microcirculation resistance is not surprising. Although this increase was statistically significant (by both parametric and nonparametric analyses), the increase was not sufficient to change total PVR and may not be important physiologically.
Clinical relevance. The approach used in the present study might eventually be clinically applicable in patients with PH; the partitioning of the contributions to total PVR into proximal and distal compartments has the potential ultimately to focus interventions that might be effective in reducing resistance in the affected portions of the pulmonary circulation (8, 14, 17, 18) . We would expect that patients with chronic thromboembolic PH would have a selective increase in large-artery resistance, whereas patients with PH related to increased downstream resistance (e.g., pulmonary arterial hypertension) would have increased small-artery and/or microcirculatory resistance (7, 24) . Furthermore, it has been noted that further studies are needed to provide direction in classifying patients that have mean P PA values between 20 and 25 mmHg (16) . In these cases, this deconstruction of total PVR may identify increases to specific resistance components with enough sensitivity to identify abnormalities, even when total PVR is not high enough to be considered abnormal. Table 2 .
Limitations. We assumed that pressure was similar in all four PVs and that flow measured in a single PV was representative.
This study was conducted in open-chest anaesthetized dogs because it was not feasible to make such complex measurements repeatedly in a more intact preparation. Therefore, our conclusions, especially those regarding PEEP, should be validated using a closed-chest experimental model and/or clinical observations.
Arterial and venous reservoir parameters were calculated during diastole and diastasis, respectively. The procedure used to calculate reservoir parameters and reservoir pressures can be difficult technically as both diastole and diastasis become shorter when heart rate increases. In this study, to calculate reservoir parameters robustly, an injection of ACh was used to extend diastole and diastasis. With a heart rate Ͻ80 bpm and an identifiable period of diastole and diastasis, the reservoir parameters can be determined from regular P PA and P PV waveforms with relative ease. However, when the heart rate is Ͼ80 bpm, it may not be possible to determine the reservoir parameters (venous parameters especially) except with the current procedure (i.e., inducing a long diastole with an intracardiac injection of ACh).
Conclusions. The reservoir-wave model separates total PVR into the serial components of resistance associated with large arteries, small arteries, microcirculation, and veins. This deconstruction identified the segments of the pulmonary circulation in which resistance changed with hypoxia, nitric oxide, volume loading, and PEEP. Nitric oxide fully reversed the hypoxia-induced increased resistance of the small PAs. Volume loading reduced the resistance of each serial component, and PEEP only increased microcirculatory resistance.
